Introduction
============

Diabetes mellitus and obesity are among the highly prevalent life-threatening metabolic diseases worldwide \[[@ref1]--[@ref4]\]. Such metabolic disorders potently promote the other serious health problems including cardiovascular diseases, hepatic steatosis, chronic kidney diseases, tumor, and cancer \[[@ref5]--[@ref10]\]. It has been well documented that high-sugar diet (HSD) is closely associated with the development of diabetes and obesity \[[@ref11]--[@ref14]\]. However, various sugary foods containing refined carbs and simple sugars are inevitably preferable for both traditional and modern society. Thus, providing an alternative supplemental diet that could preclude the deleterious effect of high sugar consumption is considerably needed.

Jicama (*Pachyrhizus erosus*, Fabaceae) is one of the potent medicinal plants that is also commonly served as raw or processed edible tuberous dishes \[[@ref15]\]. Its tuber contains various bioactive compounds such as inulin, ascorbic acid, flavonoids, choline, saponin, pyridoxine, phytoestrogen, and folic acid \[[@ref15],[@ref16]\]. Previous reports have demonstrated that the extract of jicama tuber reduced postprandial blood glucose, inhibited the activity of α-glucosidase and α-amylase enzymes involved in carbohydrate digestion, and lowered the glycated hemoglobin in diabetic mice \[[@ref17]\]. Another study found that jicama extract could ameliorate insulin sensitivity and intracellular signaling involved in glucose uptake and metabolism in muscle cells \[[@ref18]\]. Jicama fresh juice also has been reported to inhibit platelet aggregation in humans, thereby lowers the risk of heart attack and stroke \[[@ref19]\]. Therefore, jicama extract exerts various advantageous effects in hampering the development and progression of metabolic diseases.

Despite the pharmacological benefits of jicama tuber's extract have been extensively elucidated, the effect of another particular substance such as fiber contained by its tuberous part remains less investigated. Jicama tuber contains soluble and insoluble fibers \[[@ref15],[@ref20]\]. Two previous reports suggested that jicama fiber (JF) could function as an immunomodulator both *in vitro* and *in vivo* \[[@ref20],[@ref21]\]. However, whether the fiber also could elicit the other pharmacological effects particularly against the development of metabolic diseases remains unknown.

In this present study, we aimed to reveal whether the edible fiber isolated from jicama tuber could prevent the development of diabetes and obesity caused by HSD. Some studies have suggested that fibers isolated from plants such as sugarcane \[[@ref22],[@ref23]\] and bamboo shoot \[[@ref24],[@ref25]\] could be effectively used to counteract the detrimental effects of high-calorie intake on metabolic homeostasis. We, in this research, performed an experiment using mice to test the hypothesis that JF is also capable to effectively exert such effects.

Materials and Methods
=====================

Ethical approval
----------------

The animal care and use and the experimental procedures were performed in accordance with the Declaration of Helsinki and standard guideline of animal care and use for experimental purposes established by research committee of Andalas University (No. 03/2-018).

Animals
-------

Healthy adult male Bagg and Albino (BALB)/c mice (2 months old) were purchased from UD Wistar (Yogyakarta, East Java, Indonesia). Upon transffered to the laboratory, the animals were immediately reared in cages (one individual/cage) in an animal room with 12-h-light/dark cycle and regulated RT for a week. Food (standard normal powder diet BP 2; Japfa Comfeed Indonesia Tbk., Jakarta, Indonesia) and drinking water were provided *ad libitum*. During the rearing period, animals were also habituated for handling every day to minimize the stress response that may occur in the experiment.

Chemicals
---------

Pure sucrose (C~12~H~22~O~11~) was purchased from Himedia Laboratory (Himedia Laboratories, Pennsylvania, USA), D-glucose (C~6~H~12~O~6~) was purchased from Sigma-Aldrich (Sigma-Aldrich Pte Ltd., Singapore), and Formaldehyde (CH~2~O) was also purchased from Sigma-Aldrich (Singapore).

Isolation of jicama fiber
-------------------------

The fresh tubers of jicama were collected from the local farmers in Kuranji, Padang, West Sumatra Indonesia. The tubers were washed then peeled before grated using a manual grater and stationary blender (Philips HR2116/30, Bogor, Indonesia). Furthermore, the sample was suspended in aquades overnight at RT to separate the fiber from the starch. The supernatant containing crude fiber was collected and filtered before subsequently steamed for 40 min at 100°C. The isolated fiber was dried using an oven (Universal Oven UN30, Memert, Moritz, Australia) at 70°C for 16 h, then ground to be powder. The fiber powder was immediately stored in sterilized jar and sealed before used in the experiment.

Diet paradigms
--------------

Four diet paradigms deployed in this study were normal diet (ND) (standard laboratory ND), HSD (30% sucrose), and HSD in combination with 10% and 25% (w/w) of JF. The justification of fiber dose referred to previous studies \[[@ref22],[@ref24],[@ref25]\]. The composition of diet for each paradigm is shown in [Table 1](#table1){ref-type="table"}. The diets were provided *ad libitum* for animals and changed daily to ensure its quality. Each group of treatment consisted of five mice housed in individual cages. The treatment using diet paradigms was carried out for 8 weeks continuously.

Blood glucose measurements
--------------------------

Routine blood glucose measurement: blood glucose level was measured weekly at 09:00 by using standardized automated blood glucose test meter (AGM-4000 Allmedicus, Anyang, Gyeonggi-do, South Korea) \[[@ref26]\]. The measurement was performed by following the recommended protocol \[[@ref27]\]. Glucose tolerance test: the intraperitoneal glucose tolerance test (ipGTT) was conducted at the end of treatment by following the standard procedure as described in another report \[[@ref28]\]. A single dose of glucose (2 gm/kg bw) was injected intraperitoneally for each mouse. The area under curve (AUC) data were subsequently calculated from the blood glucose levels in ipGTT.

###### The composition of diets used as the treatment of the experiment in mice.

  Diets                      Proportion (%)             
  -------------------------- ---------------- ---- ---- ----
  Normal food powder (BP2)   100              70   60   45
  Sucrose powder             0                30   30   30
  JF' powder                 0                0    10   25

Measurement of food and water intake
------------------------------------

Food intake in the dark phase (DP, at 19:30) and light phase (LP, at 07:30) was measured by following the previously described protocol \[[@ref27]\]. Water intake was also measured at the same time as food intake measurement by determining the change of water volume indicated by the volume scale in the drinking bottle. The measurements were performed continuously for 7 days at the latest week of treatment.

Body weight and adipose tissue measurements
-------------------------------------------

Body weight was measured weekly using a digital balance specified for animals (UW/UX 321-62150 balance, Shimadzu, Kyoto, Japan). At the end of treatment, the animals were sacrificed by vertebrae cervical dislocation. Furthermore, the epididymal white adipose tissue (WAT) and interscapular brown adipose tissue (BAT) were isolated and weighted using analytical balance (Shimadzu Analytical ATX324; Shimadzu, Kyoto, Japan) before being fixed in 10% formaldehyde as the experimental specimens.

Statistical analysis
--------------------

All data were displayed as mean ± SE. An analysis of variance (ANOVA) followed by Bonferroni *post-hoc* test was employed to justify the significant differences among groups of treatment. The *p* \< 0.05 was set as a significant value for all analysis.

Results
=======

Effect of jicama fiber on blood glucose homeostasis
---------------------------------------------------

In this present research, we first investigated the effectivity of JF in hampering the development of diabetic symptoms induced by HSD. We measured blood glucose and subsequently conducted GTT in order to evaluate the blood glucose homeostasis. The blood glucose monitoring performed weekly during the treatment revealed that blood glucose level was significantly lower in JF groups (HSD + JF 10%, and HSD + JF 25%) as compared with HSD group, starting at week fourth of treatment (*p* \< 0.05) ([Fig. 1](#figure1){ref-type="fig"}). Moreover, the blood glucose in JF groups was comparable with ND group (*p* \> 0.05), showing a normoglycemic state. In line with blood glucose data as measured weekly, the result of GTT conducted at the end of treatment also demonstrated that blood glucose levels of JF groups tended to be lower than the HSD group almost at all the time points after an i.p injection of 2 gm/kg bw glucose ([Fig. 2A](#figure2){ref-type="fig"}). The blood glucose levels were significantly lower in JF groups as compared with HSD group particularly at 90 and 120 min after glucose injection (*p* \< 0.01). Furthermore, the AUC data derived from the GTT data ([Fig. 2B](#figure2){ref-type="fig"}) depicted that the AUC of JF 25% group, but not JF 10% group, was significantly lower as compared with HSD group (*p* \< 0.01). The AUC of JF 10% and 25% groups were comparable with ND group (*p* \> 0.05).

Effect of jicama fiber on body weight and adipose tissue weight
---------------------------------------------------------------

We also measured the body weight and white and BAT weight to reveal the effectivity of JF in hampering the development of HSD-induced obesity. The result showed that body weight tended to be lower in JF groups and ND group as compared with HSD group ([Fig. 3A](#figure3){ref-type="fig"}), but it was statistically insignificant (*p* \> 0.05). However, the body weight gain was significantly lower in JF 25% group, but not in JF 10% group, as compared with HSD group (*p* \< 0.01; [Fig. 3B](#figure3){ref-type="fig"}) and it was comparable with ND group (*p* \< 0.05).

The measurement of epididymal WAT weight at the end of treatment revealed that WAT depot and its proportion to body weight tended to be reduced in JF groups as compared with HSD group ([Fig. 4A and B](#figure4){ref-type="fig"}), but it was statistically not significant (*p* \> 0.05). The WAT mass was significantly lower in ND group as compared with HSD group (*p \<* 0.01), but it was comparable with JF groups (*p* \> 0.05). Furthermore, the interscapular BAT weight and its proportion to body weight were significantly lower in JF groups as well as HSD groups as compared with ND group (*p* \< 0.01; [Fig. 5A and B](#figure5){ref-type="fig"}).

Effect of jicama fiber on food and water intake
-----------------------------------------------

We also carried out food intake and water intake measurements at the latest week of treatment. The rhythm of food intake was comparable among all groups of treatment, showing higher food intake during the DP and lower during the LP ([Fig. 6A](#figure6){ref-type="fig"}). Likewise, the total food intake was statistically comparable among all groups of treatment (*p* \> 0.05; [Fig. 6B](#figure6){ref-type="fig"}). The rhythm of water intake ([Fig. 7A](#figure7){ref-type="fig"}) was changed in JF 25% group as compared with other groups, showing a significant difference between the DP and LP (*p* \< 0.01). However, the total water intake was also comparable among all groups of treatment (*p* \> 0.05; [Fig. 7B](#figure7){ref-type="fig"}).

![JF sustained a normoglycemic state in HSD-fed mice. ND (as control), HSD, JF. \**p* \< 0.05 by ANOVA and subsequent Bonferroni *post-hoc* test. Bars represent mean ± SE. *n* = 5 for each group.](JAVAR-6-222-g001){#figure1}

![JF sustained glucose tolerance in HSD-fed mice. (A) The blood glucose levels after an intraperitoneal injection of glucose 2 gm/kg bw determined in GTT. (B) The AUC derived from blood glucose level data. ND (as control), HSD, JF, AUC. \*\**p* \< 0.01 by ANOVA and subsequent Bonferroni *post-hoc* test. Bars represent mean ± SE. *n* = 5 for each group.](JAVAR-6-222-g002){#figure2}

Discussion
==========

Our current findings revealed that the supplementation of edible fiber isolated from jicama tuber could effectively preclude the dysregulation of blood glucose homeostasis and excessive body weight gain caused by HSD. Importantly, the supplementation of JF exerted a minimum effect on food and water intake.

![JF counteracted the excessive body weight gain in HSD-fed mice. (A) Body weight measured weekly for 8 weeks. (B) Body weight gain/kg bw determined at the end of treatment. ND (as control), HSD, JF. \*\**p* \< 0.01, \**p* \< 0.05 by ANOVA and subsequent Bonferroni *post-hoc* test. Bars represent mean ± SE. *n* = 5 for each group.](JAVAR-6-222-g003){#figure3}

Consumption of HSD is profoundly implicated in the development of metabolic dysregulations including diabetes and obesity \[[@ref11],[@ref13],[@ref14]\]. In our study, as expected, mice fed with HSD exhibited an apparent hyperglycemic state. Moreover, the HSD-fed mice became intolerant to glucose after 2 months of treatment. This finding might indicate an impaired blood glucose homeostasis toward diabetic development \[[@ref28]\]. Otherwise, the supplementation of JF 10% and 25% in HSD could effectively sustain the normoglycemic state. Furthermore, the supplementation of JF 25% notably promoted the glucose tolerance, while the JF 10% only blunted the HSD-induced glucose intolerance. Glucose tolerance reflects the ability of insulin to regulate the glucose homeostasis \[[@ref28],[@ref29]\]. High sugar intake has been reported to be toxic for pancreatic islet *β* cells and could reduce insulin sensitivity which subsequently causes glucose intolerance \[[@ref30]\]. Therefore, the hampering of hyperglycemia and glucose intolerance by JF supplementation in HSD-fed mice as found in our study could be related to the preventive mechanism of JF on pancreas damage. However, further study concerning the structural changes in the pancreas is required to clarify this speculation.

![JF blunted the epididymal WAT increase in HSD-fed mice. (A) WAT weight measured after 8 weeks of treatments. (B) The proportion of WAT to body weight presented in %. ND (as control), HSD, JF. \*\**p* \< 0.01 by ANOVA and subsequent Bonferroni *post-hoc* test. Bars represent mean ± SE. *n* = 5 for each group.](JAVAR-6-222-g004){#figure4}

It also has been documented that HSD could induce an excessive body weight gain toward obesity development in rodents \[[@ref11]\]. Previous studies revealed that consuming high-sugar drinks and fast foods frequently could significantly increase the risk of having obesity and diabetes in humans \[[@ref31],[@ref32]\]. Our present finding also demonstrated that the HSD-fed mice exhibited an excessive body weight gain after 8 weeks of treatment, and it could be hampered by the JF 25% supplementation in their diet. However, at the end of treatment, despite the final body weight of HSD-fed mice was higher; it was statistically comparable with other groups (ND and JF groups). Likely, another study also demonstrated that mice fed with solid sugar diet remained insignificantly different in their body weight as compared with control group, though the fat mass as an indicator of obesity markedly increased \[[@ref33]\]. Since our current study also used the solid sugar (sucrose powder) instead of liquid sugar for HSD treatment, thus it might less effective to quickly induce an apparent body weight increase although the adiposity was elevated. We speculate that liquid sugar diet with a prolonged time course of treatment for more than 8 weeks may significantly increase body weight in HSD group.

![JF failed to counteract BAT decrease in HSD-fed mice. (A) Interscapular BAT weight measured after 8 weeks of treatments. (B) Proportion of BAT against body weight (BW) presented in %. ND (as control), HSD, JF. \*\**p* \< 0.01 by ANOVA and subsequent Bonferroni *post-hoc* test. Bars represent mean ± SE. *n* = 5 for each group.](JAVAR-6-222-g005){#figure5}

![JF did not significantly alter the rhythm (DP *vs* LP food intake) and total food intake in HSD-fed mice. (A) Food intake measured during the night (DP) and the daytime (LP). (B) Total food intake for 24 h. ND (as control), HSD, JF. \*\**p* \< 0.01 by ANOVA and subsequent Bonferroni *post-hoc* test. Bars represent mean ± SE. *n* = 5 for each group.](JAVAR-6-222-g006){#figure6}

![JF altered the rhythm of water intake (DP and LP water intake) but did not affect total water intake in HSD-fed mice. (A) Water intake measured during the night (DP) and day (LP). (B) Total water intake for 24 h. ND (as control), HSD, JF. \**p* \< 0.05 by ANOVA and subsequent Bonferroni-*post hoc* test. Bars represent mean ± SE. *n* = 5 for each group.](JAVAR-6-222-g007){#figure7}

Our present study also revealed that the supplementation of JF blunted the effect of HSD in increasing epididymal WAT weight. The WAT functions as fat storage or energy depot which commonly increases in obese individuals \[[@ref34],[@ref35]\]. Thus, the mild decrease of epididymal WAT mass in JF-fed mice could be contributed in lowering body weight gain as found in JF 25% group. However, we observed that in JF 10% group, the mild reduction of WAT mass was not clearly manifested in body weight gain. Even we could not provide the supporting data to explain this discrepancy, but we propose that it is likely due to the increase of lean mass including muscle mass, instead of WAT mass, in JF 10% group. Consequently, the increase of lean mass would contribute to body weight gain. Alternatively, the WAT mass located in other parts such as visceral and subcutaneous WAT could be higher in JF 10% group that would contribute to an excessive weight gain. Further investigation is warranted to explain this discrepancy.

In addition to WAT, we also determined the interscapular BAT mass. BAT plays a pivotal role in energy expenditure through the thermogenesis process \[[@ref36]\]. It has been reported that HSD could reduce BAT mass particularly the interscapular BAT in rats \[[@ref12]\]. Similarly, we also revealed that HSD reduced interscapular BAT mass. However, in our study, a mass reduction of BAT could not be ameliorated by the JF supplementation. This finding may suggest that JF supplementation at the dose used in our study was not effective enough to preclude the structural and functional alterations in BAT caused by HSD.

Although food intake reduction could be associated with a complex hormonal and neuronal pathways involving appetite and satiety modulations \[[@ref37],[@ref38]\], its outcome simply reduces energy intake that eventually lowers blood glucose and fat mass \[[@ref38]\]. Plausibly, the preventive mechanism of a substance against the development of diabetes and obesity could be simply due to the reduction of food intake. However, our finding showed that neither the rhythm nor the quantity of food intake was altered by fiber supplementation. Thus, the prevention of diabetes and obesity symptoms by JF was unlikely to be simply corresponded with reduction of food intake. We also observed that total water intake was unaltered by JF supplementation. However, its rhythm was changed in JF 25% group, showing an apparent increase of water intake during the DP as compared with LP. The increase in water intake reflects the thirst that commonly occurs during ingesting high dietary fiber content with high capacity in binding water \[[@ref39]\]. Thus, the change in water intake rhythm in JF 25% group could be attributed to a higher concentration of fiber consumed by mice. Alternatively, the change in the rhythm of water intake might be associated with the change in locomotor activity and other physiological behavior. A study in mice demonstrated that water intake and type of diet are clearly associated with a change in locomotion and exploratory behavior \[[@ref40]\]. However, in our present study, neither the locomotor activity nor the exploratory behavior was investigated. Hence, it requires further study to clarify the speculations.

Previous reports have suggested some underlying mechanisms of dietary fibers in regulating metabolic homeostasis. The soluble dietary fibers could reduce the gastric emptying rate that eventually prolongs the satiety state and prevents the spikes of blood glucose upon feeding \[[@ref41],[@ref42]\]. The insoluble fibers could regulate the movements of the bowel by holding onto the water in the gastrointestinal tract; thereby preclude hyperphagia \[[@ref41]\]. The inulin, as a soluble fiber found in jicama, is also effective to improve insulin sensitivity \[[@ref43]\]. Furthermore, the fibers could also induce the ghrelin-like peptide 1 secretion by L cells resided in the distal intestine to further increase insulin secretion and its sensitivity and slow down the bowel movements \[[@ref44]\]. It also has been revealed that gut microbiota could ferment the fibers to produce short-chain fatty acids (SCFA) including acetate, propionate, and butyrate. The SCFA will subsequently enter the circulatory system and target the metabolic-associated organs including liver, pancreas, adipose tissue, muscle, and brain to elicit its beneficial effects in metabolic process, appetite and satiety regulation, and body mass composition \[[@ref45],[@ref46]\]. Among such proposed mechanisms, the edible fiber of jicama could be implicated in preventing metabolic diseases including diabetes and obesity through a particular pathway. The revelation of such plausible pathways should be addressed in the future study.

Conclusion
==========

The edible fiber isolated from jicama tuber could effectively sustain a normoglycemic state as well as body weight and adiposity profile against the development of diabetes and obesity caused by HSD in mice. This fiber could be potentially used as a supplemental diet to overcome the metabolic dysregulation.
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